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Superconducting (SC) beam magnet development was started i n  t h e  Accelerator  
Department at  Brookhaven i n  the  spr ing  of 1965. Work has  s ince  progressed t o  the  
point  where dc quadrupoles a re  considered (by t h e  author  a t  l e a s t )  t o  be ready f o r  
a p p l i c a t i o n  t o  experimental beam l i n e s .  Dipole development, however, i s  j u s t  begin- 
ning and i s  running about two yea r s  behind. For both types  of magnets, t h e  f i e l d  
s t r e n g t h s  obtained t o  d a t e  (15 t o  35 KG peak). have been l imi t ed  by i n s t a b i l i t i e s  t o  
about one-half of t he  p o t e n t i a l  f o r  niobium-tin superconductors when used i n  a s i n g l e  
l a y e r  of 1.27 c m  wide ribbon. By p o t e n t i a l  i s  meant t h e  f i e l d  at  which t h e  cu r ren t  
i n  t h e  magnet would reach the level  obtainable  i n  a shor t  sample of  t h e  same ma te r i a l .  
This  level is a t t a i n a b l e  i n  small  solenoids .  

The beam magnet work was i n i t i a t e d  by Sampson and Kruger wi th  ideas f o r  a Panofsky- 
type quadrupole , l ,2  a s  shown i n  c r o s s  sec t ion  i n  F ig .  1. 
s l a b s  of uniform cu r ren t  dens i ty  arranged t o  form a square p a r a l l e l e p i p e d .  Gradients  
up  t o  10 kG/cm were produced i n  a 3 c m  diam bore,  but d e s p i t e  t h e  good performance, 
this winding method w a s  abandoned because of t he  following d e f i c i e n c i e s :  the  windings 
are not  conver t ib le  t o  any mul t ipo le  magnets o the r  than quadrupoles;  t h e  magnetic , 

f i e l d  is  h ighes t  i n  a small  reg ion  a t  the  corners  which causes  t h e  e n t i r e  s.upercon- 
duc t ive  block t o  be l i m i t e d  by t h e  corner t u rns ;  t h e  end loops i n t r o d u c e  f i e l d  e r r o r s  
and are exceedingly bulky; and t h e  windings are ted ious  t o  c o n s t r u c t .  Nevertheless ,  
several of t he  quadrupoles were developed, as shown i n  F ig .  2 .  . 

This  magnet cons is ted  of fou r  

A more des i r ab le  topology f o r  a r a d i a l  f i e l d  magnet winding, shown by the  c r o s s  
s e c t i o n s  i n  Fig.  3 ,  was a r r ived  at  i n  November of 1965. With t h i s  method of lay ing  
c o i l s  f i r s t  aga ins t  an  octagon and then f l a t  aga ins t  a c i r c u l a r  o r  e l l i p t i c a l  beam 
space, one can r e a d i l y  develop mul t ipo le  f i e l d s  having two, f o u r ,  s i x ,  e i g h t ,  o r  more 
poles .  The f i r s t  quadrupole us ing  c o i l s  wound on a c y l i n d r i c a l  form, shown i n  Fig.  4 ,  
was t e s t e d  i n  January 1966, and developed 8.5 kG/cm i n  a 7.6 c m  bore .  The \deal cu r -  
r e n t  and winding d i s t r i b u t i o n ,  shown i n  Fig. 5 ,  f o r  such magnets w a s  no t  obvious, 
however, and i t  remained f o r  Beth t o  solve t h i s  and a l l  o t h e r  problems3 r e l a t e d  t o  
opt imizing t h e  p o s i t i o n  of cu r ren t  blocKs f o r  minimum f i e l d  e r r o r s  w i t h i n  mult ipole  
magnets of var ious c r o s s  sec t ions .  The e l e c t r i c a l  t heo ry  which i s  r equ i r ed  f o r  the  
des ign  of these  r a d i a l  f i e l d  magnets has thus  been a v a i l a b l e  and has  remained unchanged 
s ince  t h e  s u m e r  of 1966. 

A s o l u t i o n  t o  the  f i e l d  p u r i t y  a t  the  cen te r  of a long magnet does not ,  of  course ,  
guarantee a' workable f i e l d  a t  t he  ends of  t he  coils. To determine t h e s e  e r r o r s  in our  
quadrupoles, Sampson, Robins, and Kruger have made measurements bo th  by a sho r t  
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f i lamentary.  bismuth probe2 which could be revol.ved a t  va r ious  r a d i i  i n  planes perpen- 
d i c u l a r  t o  the  axis, and by a lohg (78 cm) i n t e g r a t i n g  c o i l  which summed t h e  f i e l d  
completely.at  a r a d i u s  o f  3 .5  c m  through a 60 cm l eng th  element. The conclusions from 
the  two methods of measurement a r e  t h a t  the f i e l d s  f a l l  o f f  smoothly as one leaves  t h e  
end of t h i s  type o f  magnet (see Fig. 6 ) .  The experimental measurements.appear t o  be 
i n  good agreement w i t h  c a l c u l a t i o n s  made by  Kruger e t  a1.4 It i s  t h e r e f o r e  assumed 
t h a t  t h e  present  shape of t h e  winding end loops i s  c l o s e  t o  optimum and t h a t  any 
changes found necessa ry  t o  produce perfect f i e l d  f a l l - o f f  a t  t h e  ends w i l l  be small 
and topo log ica l ly  p o s s i b l e  w i t h  b r i t t l e  r ibbon conductors. 

Mechanical d e s i g n  of frames t o  c o n t a i n  the  windings w a s  t h e  nex t  problem. The 
f i r s t  des ign  f o r  t h i s  was an  e x t e r n a l l y  supported,  bo l t ed ,  composite s t r u c t u r e  of h igh  
e f f i c i e n c y  but a l s o  h igh  c o s t  because of t h e  requirement f o r  excessive machining t i m e .  
This  s t t u c t u r e  is used i n  our  10 c m  bo re  X 60 cm l eng th  quadrupole element, shown i n  
Fig.  7. 

To reduce f a b r i c a t i o n  t i m e  fo r  t h e  magnet frame, an i n t e r n a l l y  supported, mono- 
l i t h i c  frame was des igned .  The machining t i m e  fo r  t h i s  s o l i d  frame w a s  on ly  about 
one-tenth of t h e  t i m e  r e q u i r e d ' f o r  the  composite. However, i t  can only  hold 70-80% 
of the  ' t h e o r e t i c a l  maximum number of t u r n s  pe r  c o i l  s e c t i o n ,  and t h e  turris m u s t  work 
at  a 5-20% g r e a t e r  d iameter  than  the  t h e o r e t i c a l  minimum. 
l a rge  metal frame d i p o l e s  wi th  few sections, but can be severe f o r  smal l  bore ,  non- 
metal frame quadrupoles  o r  h ighe r  order  magnefs which r e q u i r e  'many c o i l  s ec t ions .  
s o l i d  frame f o r  an e l l i p t i c a l  bore d i p o l e  i s  shown i n  Fig.  8. 

This  pena l ty  is  s m a l l  f o r  

A 

The i n s u l a t i o n . f o r  r ibbon superconductors  a s  used i n  a l l  beam magnets at Brook- 
haven has  been e i t h e r  a t h i n  ribbon of stainless steel o r  a va rn i sh  coa t ing  put on the  
r ibbon by t h e  manufacturer .  For  small magnets ( l e s s  than 25 mH), a t  c u r r e n t s  up t o  
700 A, t h e  va rn i sh  i n s u l a t i o n  has  been s a t i s f a c t o r y .  When t h e  s to red  energy exceeds 
about 10 000 J ,  however, it becomes a d v i s a b l e  from a p ro tec t ion  poin t  of view t o  use 
metal  i n t e r l e a v i n g .  The func t ion  of t h e  m e t a l  i s  t o  provide uniform electrical  sho r t -  
ing  between t u r n s  throughout  t h e  winding. It a l so  has  b e t t e r  hea t  t r a n s f e r  p rope r t i e s  
than  organic  i n s u l a t i o n .  The shor t ing  is h igh ly  res i s t ive  compared w i t h  t h e  supercon- 
duc tor  and does not  affect t h e  normal, slow energ iz ing  of  t he  device .  I f  t h e  magnet 
quemhes,  however, t h e  r e l a x a t i o n  t i m e  cons t an t  €or  t h e  shorted winding i n  t h e  normal 
state is long enough t o  a l low the  magnetic energy t o  d i s s i p a t e  uniformly through the  
winding i n  the  form o f  h e a t .  When l a r g e  c o i l s  of Nb3Sn r ibbon are operated without 
sho r t ing ,  a quench at h igh  cu r ren t  w i l l  f r equen t ly  p r e c i p i t a t e  an arc t h a t  t hen  de-  
s t r o y s  a po r t ion  o f  t h e  winding. 

I n s u l a t i o n  h a s  a l s o  been found necessa ry  f o r  t h e  frames o f  beam magnets, though 
less than  one might expec t .  
due t o  sho r t ing  through t h e  frame, but  'rather tha t  of  avoiding any g rea t  asymmetry 
i n  t i m e  cons tan ts  between, say ,  the  four coils of a quadrupole. The i n s u l a t i o n  which 
i s  p resen t ly  being used f o r  s t a i n l e s s - s t e e l  frames i s  a spray p a i n t  appl ied  by a tech-  
nique developed by F. Abba t i e l lo  of  ou r  labora tory .  The same method works f o r  alumi- 
num. Two o the r  methods used t o  in su la t e .  aluminum are t o  have i t  anodized, o r  t o  t r e a t  
i t  i n  ALrok s o l u t i o n  after a l l  machining i s  done. 

The problem is  not one of avoiding long t i m e  cons tan ts  

The development of a superconductor f o r  beam magnets i s  a long s t o r y  - one which 
t h e  au thor  b e l i e v e s  w i l l  cont inue  f o r  many decades. The p a r t  which has  made the  
Brookhaven beam magnets p r a c t i c a l ,  however, has  been t h e  compet i t ive  development of 
Nb3Sn in .  a ribbon o f  appropr i a t e  width, l eng th ,  uniformity o f  th ickness ,  s t r eng th ,  

4 .  P.G. Kruger, J.N. Snyder, and W.B. Sampson, Brookhaven Nat ional  Laboratory, 
Acce lera tor  Dept . Report AADD-113-R (1966). 
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. 
and s t ab le  current  density,  Js. 
magnet winding. An appropriate width fo r  a beam magnet conductor i s  about one-eighth 
of the bore diameter (with greater  widths, the wedges consume too much winding space), 
and f o r  s t rength a thickness of a t  least 75 assuming t h e  mater ia l  t o  be pr imari ly  . 
copper on a niobium or nickel a l loy  substrate .  
one wishes t o  avoid having j o i n t s  i n  the high cu r ren t  dens i ty  sec t ions .  Idea l ly ,  each 
c o i l  o r  sect ion would contain a s ing le  length. A t  the moment, ribbon i s  most r ead i ly  
avai lable  i n  e i t h e r  0.23 or 1.27 c m  width, but some companies o f f e r  any width up t o  
5.0 cm. Lengths of 300 t o  950 m are avai lable  without a j o i n t .  Yield s t r eng ths  are 
typ ica l ly  7 16 o r  more f o r  ribbon 1.27 X 100 fi  thick.  

The Js r e fe r r ed  t o  here i s  t h a t  obtginable i n  the  

The minimum length i s  about 100 m i f  

The requirement of uniform thickness has been d i f f i c u l t  f o r  t h e  manufacturer t o  
meet. 
200 II. t o t a l  thickness. Thickness va r i a t ions  a f f e c t  winding dens i ty  which d i r e c t l y  
determines.current density,  .and the la t ter ,  of course,  a f f e c t s  t he  shape and precis2on 
of the magnetic f i e l d .  The thickness va r i a t ions  e x i s t i n g  i n  much of t he  ribbon obtain- 
ed t o  da t e  have made i t  d i f f i c u l t  t o  produce a quadrupole of 10 c m  bore p rec i se  t o  
b e t t e r  than f YL a t  80% aperture. 

We present ly  are trying t o  get  f 2.5% thickness tolerance on ribbon of 75 t o  

The most d i f f i c u l t  conductor requirement t o  ob ta in  is a high Js. I f  one f i x e s  
the conductor width and fo r  the sake of minimizing complexity uses  only a s i n g l e  layer 
of winding, then the maximum f i e l d  obtainable i n  a d ipo le ,  or a t  t he  w a l l  of a quadru- 
pole i s  'as follows: 

B = -  2rr J X 1.27 ss 0.798 J , 10 

2 where B i s  i n  gauss, J is  i n  A/cm , and 1.27 i s  the  width of the  current  sheet i n  cm. 
Similarly, the f i e l d  gradient,  G, i n  gauss/cm i s  given by 

G = -  2rr x 1.27 = 0.798 y J , 10 r 

where r i s  the mean radius of the current  sheet i n  cm. 

I n  windings which contain a l a r g e  volume of Nb3Sn ribbon, t he  l i m i t i n g  f a c t o r  i n  
t h e i r  performance i s  ~ t a b i l i t y . ~  
f i e l d  and c r i t i c a l  current but by a s t a t i s t i c a l  p robab i l i t y  of a sudden quench at a 
Jc x B product f a r  below the s t r a i g h t  sample performance of the ma te r i a l .  
appears t o  be on current density alone, and f o r  s i n g l e  l a y e r  windings which are exposed 
t o  helium on one or  both s ides ,  t he  l i m i t  is always above 25 000 A/cm2 and usually 
below 55 000 A/cm2 for a winding containing between 200 and 800 m of r ibbon. 

In  other  words, they are not l imited by c r i t i c a l  

This l i m i t  

The only f a c t  which is known about th8 current  d e n s i t y  problem i s . t h a t  some pieces 
of supposedly i d e n t i c a l  ribbon a r e  over twice as good as others .  
present technique. is  t o  test every piece of ribbon i n  a s i m p l e  p i e  winding p r i o r  t o  
putting i t  i n t o  a device. In addi t ion t o  y i e ld ing  d a t a  on Js: t h i s  test a l s o  gives 
winding thickness and provides an opportunity t o  search f o r  flaws. 

For th i s  reason, our 
'' . 

. .  

5. W.B. Sampson, Brookhaven National Laboratory, Accelerator Dept .  Report 
AADD-111 (1966). 
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There are at present two SC beam magnets under construction at Brookhaven. 
is a quadrupole6 designed by Sampson and the author. 
shown in Fig. 7, and a finished winding for it in Fig. 9 .  The winding distribution 
is essentially the same as that shown in Fig. 5 .  
wound and tested to gradients of about 3 . 5  kG/cm. 
tained for one element and is being tested without a magnet at present. 

One 
The frame of this magnet is 

Two of these elements have<been 
A horizontal Dewar has been ob- 

The other magnet is a dipole designed by D. Jacobus and the author. The bore 
is an ellipse, 17 cm >! 7 cm, and the effective length is 60 cm. Four current sections 
are used per coil, as shown in the lower part of Fig. 10, with different current den- 
sities in each so that the current blocks essentially cover the circumference. Var- 
ious views of the aluminum frame containing a single dummy winding are shown in Figs. 
8, 11, and 12. A field of 25 to 30 kG is expected in this magnet with a uniformity 
of f y/o over the full cross section at the center. Diamagnetic effects similar to 
those seen in solenoids are expected to affect the field uniformity more than winding 
errors. A Dewar for this dipole is being fabricated at Brookhaven, 

. .  
An estimate of the cost for duplicating these magnets is given in the following 

The cost of refrigerators,’which can easily exceed the cost of. a single m a g -  table. 
net, has not been included. 

TABLE I 
Estimated Duplication Costs f o r  Brookhaven Beam Magnets 

Quadrupole Doublet Elliptical Bore Dipole 
10 x 60 cm each 7 x 17 x 60 cm 

3 . 5  to 7 kG/crn Gradient 25 to 50 kG Field 

Frames 2 Composite 1 Monolithic 
1100 shop hours $11 000 100 shop hours $1 000 

Superconductor 

Dewars Outside shop $8 000 Brookhaven shop $16 000 

$28 600 . $24 200 

1.27 cm wide x 125 j . ~  thick 1600 m @ $6/m $9 600 1200 m $7 200 

Winding and assembly time 
for magnets 12 man-days 6 man-days 
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Fig. 1 panof sky-type 'quadrupole - cross s e c t i o n .  
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Fig. 3.  Octagonal and cy l ind r i ca l  current block quadrupole cross sec t ions .  
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Fig .  4. Cyl indrica l  current block superconducting quadrupole. 



Fig. 5. Turns distribution for cylindrical quadrupole. 
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F i g .  6. F i e l d  strength vs axial position in quadrupole. 
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Fig .  8. Internally supported frame construction for dipole. 
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Fig. 9 .  Quadrupole element - 10 crn bore x 60 cm length. 
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. F i g .  10. Winding cross, sections of superconduct ing  d i p o l e s .  
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Fig. 11. Top view of e l l ip t i ca l  dipole with dummy winding. 
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Fig .  12. End view of e l l i p t i c a l  d ipo le .  
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